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Preserving biodiversity and its many components is a priority of conservation science and
how to efficiently allocate resources to preserve healthy populations of as many species,
habitats, and ecosystems as possible. We used the U.S. Geological Survey (USGS) Gap Analysis
Project (GAP) species models released in 2018, which identify predicted habitats for ter
restrial vertebrates in the conterminous United States, to illustrate hotspots of biodiversity
for the major taxonomic groups. This collection represents the first complete compilation of
terrestrial vertebrate species models for the conterminous United States (U.S. Geological
Survey (USGS), 2018a). We used the species models but not the available subspecies models;
this resulted in the inclusion of 282 amphibian models, 621 bird models, 365 mammal
models, and 322 reptiles in our analysis. We also used population trend information and
made spatial queries to characterize species in three dimensions: geographic range (small or
large), habitat breadth (narrow or wide), and population trend (decreasing vs stable or in
creasing). This characterization allowed us to divide the species into eight groups (A-H) with
similar characteristics. Group A species (large geographic range, wide habitat breadth, and
stable or increasing population trend) are species that are common now with no indication
of becoming rare. Species B-H have theoretical or known characteristics that could lead them
to become rare with the H species exhibiting small geographic range, narrow habitat breadth,
and decreasing population trend. Finally, we evaluated the prevalence of mapped habitat on
protected lands for each species, exploring the patterns of representation in the rare species
groups by ecoregion. The species we identified with population and habitat use character
istics that potentially predispose them to being or becoming rare represented a large per
centage of each taxon. Potentially rare species were widely distributed among ecoregions. Of
the 20 ecoregions in the country, 14 have a greater number of rare species than the national
average for at least one taxon. Protection of the habitat for the majority of these rare species
is below that recommended (17% of available habitat) by the Convention on Biological
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Diversity (CBD). The Everglades ecoregion was the only ecoregion that protected more than
half of its rare or potentially rare species.
© 2021 The Author(s). Published by Elsevier B.V.
CC_BY_4.0

1. Introduction
According to a 2019 United Nations (UN) report, the trends of the last 50 years indicate that continued worldwide alteration
of the physical environment and growth in the extraction of renewable and non-renewable resources are changing ecosystems
to the point that we can expect increasing challenges in maintaining the components of biodiversity as we know them (United
Nations, 2019). The Strategic Plan for Biodiversity 2011–2020 adopted by the parties of the Convention on Biological Diversity
(CBD) in 2010 presents a set of 20 targets organized under five Strategic Goals (Convention on Biological Diversity (CBD), 2010).
Target 11 states that “by 2020, at least 17% of terrestrial and inland water, and 10% of coastal and marine areas, especially areas
of particular importance for biodiversity and ecosystem services, are conserved through effectively and equitably managed,
ecologically representative and well-connected systems of protected areas and other effective area-based conservation mea
sures and integrated into the wider landscapes and seascapes” (Convention on Biological Diversity (CBD), 2010).
Target 12 states that “by 2020 the extinction of known threatened species has been prevented and their conservation status,
particularly of those most in decline, has been improved and sustained” (Convention on Biological Diversity (CBD), 2010). In the
United States, whether measured against these goals, or whether simply hoping to maintain the current distribution and
diversity of species, the conditions described in the UN report suggest a daunting challenge looking forward. Assessing the
status of biodiversity at ecoregional, national, and continental scales makes it possible to determine how biodiversity is
changing and whether we are making desired progress toward desired goals such as the CBD targets.
The U.S. Geological Survey (USGS) supports long term research by creating data to support biodiversity analysis at a national
scale in the United States. These datasets include Protected Areas Database of the United States (PAD-US) as well as nationwide
predicted-habitat distribution models for 1719 terrestrial vertebrate species and subspecies (U.S. Geological Survey (USGS)
2018a). The species-habitat distributions were created at a 30-meter pixel resolution across the full range of each species within
the United States, making it the most comprehensive dataset of its kind. We attempt to demonstrate the utility of these data in
conservation planning by using the CBD goals as a metric against which we could evaluate the protection status of terrestrial
species habitat. We assessed protection status of at least 17% protection and mapped the distribution and diversity of species at
national and a level II ecoregional scale, enabling us to evaluate differences in protection regionally. We considered both the
effect of currently protected lands and the potential effect of increasing the conservation focus of other public lands. Our
analysis works to identify species that are either rare or have a greater propensity to become rare, and we focus our assessment
on them as these would be the species most likely to be in decline.
The use of a collection of models, or known ranges, of species distributions or their habitats, in combination with the
placement of reserves (Scott et al. 2001), is a common approach to assess the relative protection of biodiversity (Rodrigues et al.
2004; Aycrigg et al. 2013; Jenkins et al. 2015). This approach, commonly referred to in land management circles as gap analysis
(Scott et al. 1993; Gergely et al. 2019) relies on the concept of using a coarse filter (Scott et al. 1993; Noss et al. 1995; Jennings,
2000) and is used to parse out more vulnerable species.
The coarse filter implies a narrowing of information to identify the most important issues. The term “coarse” also implies
further work is necessary to confirm important species or issues. Vulnerability determined by intersecting wildlife or habitat
with protected areas is based on the principle that given more area, and all other things being equal, more habitat will result in a
greater number of species and persistence (MacArthur and Wilson, 1963). The “coarseness” of the approach can therefore be
reduced by expanding on known concepts that affect vulnerability.
These assessments are also confounded by the quality and consistency of data. Jenkins et al. (2015) assessed the protected
area network in relation to range maps for amphibians, birds, mammals, reptiles, freshwater fish, and trees. They made the
notable observation that the geographic configuration of the protected network in the United States is nearly the opposite of the
pattern of richness of endemic species. They observed that their analysis could be improved by having better information on the
precise location of species habitat, rather than relying on range data, which has been the best source when assessing many
species over large areas. Range maps are prone to commission errors and can include areas the species once occupied but
currently do not, or areas that had habitat but lost it (Jenkins et al. 2015).
Review of the species-habitat distribution models indicates that they, like range maps, tend to be prone to commission
errors more than omission. This is partially because information about most species’ habitat requirements is still incomplete
(Karl et al. 1999) and the ability to map fine scale features such as snag trees and caves is still inadequate. However, these
species-habitat distribution models have demonstrably improved our understanding of the location of species compared solely
to range data (McKerrow et al. 2018; Dietz et al. 2020). The species-habitat distribution models allow us to expand on previous
work to evaluate the adequacy of the Nation’s protected areas network in protecting biodiversity. McKerrow et al. (2018) found
that fine-grained habitat-distribution data identified species richness hotspots in ecoregions that range, and coarser habitat
data types did not. They found that the habitat suitability data reduced commission errors present in the range maps that
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caused overestimates of species richness in some locations. Dietz et al. (2020) concluded that high resolution data of this type
were important for making biodiversity conservation decisions.
Another way that the USGS species-habitat distribution models have the potential to improve on national and regional
biodiversity assessments is in the characterization of rare species. The reduction of commission errors observed using these
data relative to range maps would be more pronounced for species that use very specific habitats that are rare on the landscape.
The identification of species at a greater risk of population decreases and extinction has long been a focus of conservation
science (Flather et al. 1998; Manne and Pimm, 2001). These species can often be characterized as rare species because small
isolated populations are more likely to be affected by less loss of habitat or disturbances than those that are larger, more
widespread, or adaptive to different conditions (Flather et al. 1998).
There are many different approaches, indices, understood causes, and studies of rarity in the literature that span across the
ecological community and theory. Anthropogenic effects (Courchamp, et al. 2006), “threat measures” (Gaston, 1997), ecosystem
traits (Flather and Sieg, 2007), and habitat condition or management (Pӓrtel et al. 2005) are among the many dimensions of
rarity considered in the literature. In our species level approach, we focus on and apply three of the most commonly used
parameters of biological rarity: geographic range, habitat breadth, and abundance as described by Rabinowitz (Rabinowitz,
1981) and characterized by many (Benayas et al. 1999; Ricklefs, 2000; Kremen et al. 2001). Although our list was designed to be
more inclusive and identify species that are not already known to be rare, we conducted a comparison of our list of rare species
with known lists of rare species as a partial evaluation. Given the challenge in dealing with many species, the approaches
chosen were designed to be transparent and logical so that practitioners could evaluate results at the scale of interest.
Filtering through the species to determine which species truly show commonness (Rabinowitz, 1981) and which have traits
that could lead to rarity, provides a closer, less coarse, view of potential vulnerabilities in the distribution of diversity in the
United States. Combining habitat information into a deductive species-habitat model with range information, heightens our
understanding of the biogeography of diversity, and tightens the scope considerably from analyses previously possible in the
conterminous United States (CONUS).
2. Materials and methods
2.1. Species models
The USGS Gap Analysis Project (GAP) species-habitat distribution maps are created by intersecting coarse resolution range
maps with habitat distributions created using wildlife habitat relationship models (WHRMs). The primary dataset used in
constructing the WHRMs is a Landsat based, land cover layer, developed by GAP (U.S. Geological Survey (USGS), 2010). The land
cover layer uses the Ecological System classification (Comer et al. 2003), which describes vegetation communities at a level of
thematic detail useful for ascribing habitat types. In addition to land cover, factors including elevation, proximity to water
features, proximity to wetlands, level of human development, forest ecotone width, and forest edge were used in the con
struction of the models where appropriate for the species. Datasets selected for the models represent the best known, na
tionally consistent, and moderate resolution data with documented influence on species habitat selection. The resulting
species-habitat distribution models have substantially more detail than range maps, but less detail than microhabitat models,
which would incorporate information on features within broad classes of floral composition (for example, cavity trees, rock
outcrops, and small ponds) that are not currently mappable at large extents.
2.2. Analytical database
The USGS National Gap Analysis Project Analytical Database (GAP Analytical Database) is an SQL Server database (U.S.
Geological Survey Gap Analysis Project, 2020) that we built to quickly help answer the questions that were most commonly
asked of GAP data such as “Where does suitable habitat for a species occur in an area of interest and how well is that habitat
protected?” The Analytical Database facilitates the analysis and summary of GAP and boundary datasets without the need for
complex and time-consuming spatial analysis on a project specific basis. This allowed us to explore the distribution, man
agement responsibilities, and protection status of the country’s vertebrate species at a variety of different scales.
The GAP Analytical Database combines the GAP species-habitat distribution models (U.S. Geological Survey (USGS), 2018a)
and the Protected Areas Database of the United States (PAD-US version 1.4) dataset (U.S. Geological Survey (USGS), 2016) with
rasterized boundaries for 12-digit GAP Hydrologic Unit Codes (HUCs) (U.S. Geological Survey (USGS), 2011), U.S. states and
counties (U.S. Geological Survey (USGS), 2014), Landscape Conservation Cooperative boundaries (U.S. Fish and Wildlife Service,
2011), and the Environmental Protection Agency level II (EPA) ecoregions (U.S. Environmental Protection Agency, 2010; Omernik
and Griffith, 2014). The species-habitat distribution models represent data for the CONUS at 30-meter resolution. All other
spatial datasets were sampled to 30 m.
The finest summary unit available using the GAP Analytical Database is the GAP 12-code HUC, which are slightly modified
HUCs that have been changed by removing duplicate codes, removing duplicate polygons, and editing line work to include
nearshore habitats in both the coast lines and within large water bodies. The GAP HUC dataset was used to delineate species
ranges as part of the USGS Gap Analysis Project's species-habitat distribution models. With 82,717 12-code HUCs within the
CONUS, the dataset allowed for fine scale segmentation across the country. Summarizing the data to this unit allowed for
computationally feasible and spatially explicit analysis. Although HUCs have been most used for aquatic species and hydrologic
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assessments, their delineation of watershed ridges and focus on waterways also makes them useful in the delineation of
terrestrial ecotones.
Instead of doing the analysis calculations on a pixel-by-pixel scale, we used the HUC as the assessment unit to summarize
the habitat and protection statistics. This allowed us to calculate the number of pixels within each HUC that are potential
habitat for each species and how well these pixels are protected by GAP Status, which is a measure of management intent to
conserve biodiversity. This also allowed us to know the number of pixels in each HUC that are potential habitat for a species and
their protection status, but not the exact location of these pixels within the HUC. For a project that required a within HUC level
of spatial accuracy it would be necessary to use the individual species-habitat distribution models instead of using the GAP
Analytical Database.
The GAP Analytical Database was queried, and information on the distribution of the modeled species that occurs within the
CONUS, their occurrence and protection within the 12-code HUC, and the EPA level II ecoregion where the majority of each HUC
occurred was generated. HUCs along ecoregion boundaries were assigned to the ecoregion containing the majority of the area of
the HUC. A few HUCs in the GAP Analytical Database fell completely outside the EPA level II ecoregion boundary; these HUCS
were assigned to the nearest ecoregion. Data summaries for this analysis were conducted at the EPA level II ecoregion and the
CONUS scale.
2.3. Quantifying species rarity
Based loosely on a framework developed by Rabinowitz (1981) we characterized species in three dimensions: geographic
range (small or large), habitat breadth (narrow or wide), and population trend (decreasing or stable/increasing). Common
species are species that do not exhibit any of the qualities of rarity (Rabinowitz, 1981). Our methodology differs from that used
by Rabinowitz in that we used population trend information instead of abundance data due to a lack of available data on
abundance for most of our species. While a decreasing population trend alone may not solely be indicative of rarity, persistent
declines in even large populations can lead to major losses in biodiversity and contribute to species extinction risk (Butchart
et al., 2010). After using the GAP Analytical Database to retrieve habitat distribution and protection data for each species, we
attributed each native species in the database as common or potentially rare based on the International Union of Conservation
Science (IUCN) Red List population trend information, spatially derived measures of geographic range, and habitat breadth
(Table 1). We did not include the 129 subspecies in our analysis because information on population decreases from the IUCN
Red List was frequently only available at the species level. Thirty-four of the 1590 species-habitat distribution models in the
study area were non-native species as established using the IUCN Red List (International Union for Conservation of Nature IUCN,
2017a), and these species were not assessed for the dimensions of rarity. We instead focused the analysis of rarity on native
species, which are of greatest conservation concern (International Union for Conservation of Nature IUCN, 2017a; Appendix S1).
Species population trend was categorized as “decreasing” or “stable/increasing” based on the IUCN Red List Assessment of
species (International Union for Conservation of Nature IUCN, 2017a; 2017b). The IUCN Red List assessment categories for
species are based on an assessment of extinction risk. Species on the IUCN Red List that met the threatened categories of critical
(CR), endangered (EN), or vulnerable (VU) were characterized as “decreasing” even if the IUCN population trend was stable or
unknown. Species not in the threatened categories were categorized as “decreasing” only if their current population trend (i.e.,
increasing, decreasing, stable, or unknown) on the IUCN Red List was “decreasing” (Table 1). After applying the IUCN population
trend information for stable/increasing or decreasing, we were left with 17 data deficient species. We chose to put those 17
species into the least risk category of increasing or stable population trend. All but three of those species already met another
rarity classification criteria. The data deficient species are highlighted in Appendix S1, allowing for species or project specific
considerations. IUCN assessments are carried out by Red List Authorities and follow the formal IUCN assessment process
(International Union for Conservation of Nature IUCN, 2016).
The IUCN criteria were designed for global taxon assessments; however, they are often applied at regional, national, or local
levels (International Union for Conservation of Nature IUCN, 2017b). National scale population trend information was not
available for many of our assessment species, and we assumed that the IUCN global information is an acceptable surrogate
keeping some limitations of the data in mind. The global assessments can be inaccurate when looking at a subpopulation at the
edge of a species range. Subpopulations in those areas can have population trends that are either significantly more positive or
negative than the species across its global range. We think focusing our assessment on native species and our large study area
Table 1
Criteria used to delineate the dimensions of rarity classes used to distinguish common and potentially rare terrestrial vertebrate species, CONUS.
Dimensions of rarity
Population trend

Classes
Decreasing
Stable or increasing

Geographic range

Small
Large

Habitat breadth

Narrow
Wide

Criteria
IUCN listed as Vulnerable, Endangered, or Critically Endangered and/or population trend “decreasing”
IUCN listed as Least Concern, Near Threatened or Data Deficient and/or population trend “stable,”
“increasing,” or “unknown”
Species distribution in level II ecoregion > = 75% or number of pixels in distribution in the lowest 10% of
distribution for taxa
Species distribution in level II ecoregion < 75% or number of pixels in distribution in the lowest 10% of
distribution for taxa
Mean percent use was < =10% of range
Mean percent use was > 10% of range
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(CONUS) helps minimize these concerns. However, care must be taken when interpreting our results particularly for species
with distributions outside of the CONUS or when applying our results to more localized assessments.
To delineate the Geographic Range dimension of rarity, we divided the species into small and large ranging. We ordered the
number of pixels in each species habitat distribution model and selected the species from each of the four taxa that were in the
lowest 10% of habitat distributions for that taxon. These species were designated as having a small range. Next, we selected
species that had 75% or greater of their habit in the CONUS within one level II ecoregion. These species were added to the list of
small range species. All species that did not meet either of these two criteria were designated as having a large range.
We think that both these categories of small ranging species are more susceptible to becoming rare. The first because overall
habitat is rare for the species, the second because a species having a large majority of its habitat in one ecoregion is specialized
to that ecoregion and its habitats making it more at risk from development and habitat changes than a species with habitat
occurring in multiple ecoregions.
To assess the final dimension of habitat breadth, we compared the area of predicted habitat for a species to the area within
its range. The percentage of habitat within the range we termed habitat breadth. To account for variations in habitat area across
the species range we calculated habitat breadth for each 12-digit HUC that contained predicted habitat for the species. In each
HUC the area of predicted habitat for the species was divided by the total area of the HUC. This gave a ratio of how much habitat
is available in the HUC compared to the total area of the HUC. The mean of this ratio across all HUCs with predicted habitat for
the species was then calculated. Species with a mean of less than 10% were considered to have a narrow habitat breadth; those
with a mean use greater than or equal to 10% were considered to have a wide habitat breadth (Table 1).
Each native species was evaluated for the three dimensions of our rarity criteria (population trend, geographic range, and
habitat breadth). Based on these results species were assigned to one of eight groups as well as to a rarity category and a risk
category (Table 2). Those species that did not meet any of the dimensions of rarity criteria were considered common and low
risk (Group A) in that they are widespread, not dependent on a narrowly distributed habitat, and not known to be decreasing in
population trend. Species that met one of the rarity criteria were assigned to Groups B-D, species meeting two rarity criteria
were assigned to Groups E-G, and those that met all rarity criteria were assigned to Group H. All species meeting one or more
criteria were considered potentially rare (Table 2).
A final categorization was conducted distinguishing between species of known population decreases, based on their IUCN
classifications, and species of theoretical risk. Species in groups D, F, G, and H have populations that are known to be decreasing
and are documented as such by the IUCN. Groups B, C, and E are species that are theoretically more prone to becoming rare due
to either using a limited range or narrowly distributed habitat type.
2.4. Comparison with other lists of rare species
We compared lists of species known to be endangered, rare, or of other conservation concern to our lists of potentially rare
species. We obtained lists of species on the Federal Endangered or Threatened species lists (U.S. Fish and Wildlife Service, 2019),
the State of the Birds watch lists (North American Bird Conservation Initiative, 2016), and the State Wildlife Action Plan lists
(U.S. Geological Survey (USGS), 2018b) and linked information on these species to our GAP species data.
Some differences in taxonomy existed between the different species lists and the GAP species. This issue also occasionally
occurred when using the IUCN Red List population trend data. Sometimes the scientific name used to identify the GAP specieshabitat distribution models was different then the scientific name used to identify the species on the other list. This was
typically because of shifts in the taxonomy used to describe the species over time. When we could confidently match the
disparate species names we did, but when we could not we left the GAP species as a non-match for the attribute. Twenty-eight
species could not be confidently matched with a species contained in the IUCN database; because of this there was no in
formation on population trend. Therefore, the number of rarity criteria these species met could have been underestimated.
These 28 species are highlighted in Appendix S1 so particular consideration can be taken when using these species in additional
assessments.
2.5. Habitat protection assessments
Habitat protection was assessed using the GAP Analytical Database to quantify the overlap in each species’ distribution with
the Protected Areas Database of the United States (PAD-US). The lands included in PAD-US are assigned conservation status
codes (GAP Status Codes) and categorize the level of biodiversity protection based on management for specific designation
types. GAP Status 1 and 2 lands are those that are permanently legally protected (U.S. Geological Survey (USGS), 2016). It is
important to note that GAP Status Codes do not measure management effectiveness for biodiversity, but rather intent to protect
biodiversity. However, for the purposes of this analysis, GAP Status Codes are considered a reasonable proxy for measuring
species protection. GAP 1 and 2 lands may limit certain activities potentially detrimental to biodiversity such as resource
extraction and development but may not necessarily contain high quality habitat for biodiversity. Similarly, some GAP Status 3
and 4 lands may still have conservation value or have some management practices that benefit biodiversity. Although GAP
Status 3 lands are not currently managed primarily for biodiversity conservation because they are public lands, management
priorities could be altered increasing protection for critical species or in critical areas. At the CONUS extent a species was
considered “protected” if 17% (Aichi Biodiversity Target Strategic Goal C, Target 11) or more of their total distribution in the
study area was on GAP Status 1 or 2 lands (Convention on Biological Diversity (CBD), 2010). Only GAP Status 1 and 2 lands meet
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Table 2
Group classification based on the dimensions of rarity classes contributing to potential rarity and terrestrial vertebrate species risk classifications, CONUS.
Group

Description

Rarity
criteria met

Rarity category

Risk category

A

Species has a large geographic range, unknown, stable or increasing
population trend, and wide habitat breadth
Species has a small geographic range, unknown, stable or increasing
population trend, and wide habitat breadth
Species has a large geographic range, unknown, stable or increasing
population trend, and narrow habitat breadth
Species has a large geographic range, decreasing population trend, and wide
habitat breadth
Species has a small geographic range, unknown, stable or increasing
population trend, and narrow habitat breadth
Species has a large geographic range, decreasing population trend, and narrow
habitat breadth
Species has a small geographic range, decreasing population trend, and wide
habitat breadth
Species has a small geographic range, decreasing population trend, and
narrow habitat breadth

0

Common

Low risk

1

Potentially rare

Theoretical risk

1

Potentially rare

Theoretical risk

1

Potentially rare

Documented decrease

2

Potentially rare

Theoretical risk

2

Potentially rare

Documented decrease

2

Potentially rare

Documented decrease

3

Potentially rare

Documented decrease

B
C
D
E
F
G
H

IUCN requirements for a protected area (Convention on Biological Diversity (CBD), 2010; ProtectedPlanet, 2018). Similarly, at the
ecoregion extent, a species was considered protected if 17% or more of the distribution in the ecoregion was on GAP Status 1 and
2 lands (Table 3). A species could be classified as protected in some ecoregions and non-protected in others as this measure is
determined by the level of protection in each level II ecoregion. We also looked at the potential increase in protection that GAP
Status 3 lands could provide.
To identify ecoregions with high potentially rare species richness and low protection rates we calculated species numbers by
taxa, potential rarity risk category, and percent protection. For each species’ protection representation by ecoregion we com
pared the percent protection at the CONUS scale to the percent protection in each level II ecoregion the species occurred in.
Each species-ecoregion combination was assigned to one of three protection classes. These classes categorize the differences
between species protection at the level II ecoregion and national species protection. Class 1 shows similar levels of protection at
the two scales, and Class 3 indicates species in the ecoregion that are protected well below the national rate (Table 3). Summing
the number of species in each protection class within each ecoregion allowed us to identify ecoregions that are contributing
more than others to species protection across the country.

3. Results
Each native species was evaluated using the dimensions of rarity criteria (Table 1). They were then assigned a group based
on evaluation of the rarity and risk categories (Table 2). The criteria calculations and group assignments for the individual
species are contained in Appendix S1. Using the 12-code HUC relationships established in the GAP Analytical Database, we
mapped species richness by taxa for each of the dimensions of rarity criteria and for overall (including non-native) species
richness (Fig. 1).

3.1. National distribution of groups
We summarized the percentage of each taxon represented by common species and the seven different groups of potentially
rare species (Groups B-H). In each taxon, the number of potentially rare species was nearly half or more of the total number of
species. The taxon with the most common species was mammals at 58%. The percentages were lower for reptiles, birds, and
amphibians at 47%, 43%, and 30% respectively (Fig. 2).
Amphibians had the greatest percentage of the taxon in any of the rarity groups (Fig. 2). They have the greatest proportion of
their species that met the narrow habitat breadth criteria (group C). Amphibians also had the highest percentage of their taxon
in groups E, F, G, and H, when compared to other taxa. These are the groups that combine two or more of the dimensions of
rarity criteria.
Population decreases in birds (group D) accounted for the largest percentage of that taxon in a rarity group with 28%, which
also represented the largest percentage of any of the taxa in group D. Group D bird species also represented the greatest number
of species in any rarity group for all taxa with 165 species (Fig. 2). This may be partially explained in that birds and mammals are
the most studied taxa (Fazey et al., 2005; Ducatez and Lefebvre, 2014; Titley et al., 2017) and instances of population decreases
are better documented than in other taxa. This may also partially explain the high numbers of bird species in the other groups
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Table 3
Description of protection class criteria.
Protection class

Class description

Class 1
Class 2
Class 3

Species in the ecoregion were protected, at the same percentage or greater than protection of species distribution nationally.
Species distribution in the ecoregion was protected, 0–10% less than the species distribution was protected nationally.
Species distribution in the ecoregion was protected, > 10% less than the species distribution was protected nationally.

associated with population decreases (F, G, and H). Only 39 birds occurred in the groups associated with the limited geographic
range criteria.
Reptiles did not represent the largest percentage of a taxa for any of the groups, although a high percentage (53%) of all
reptiles are in the combined potential rarity groups. Of the individual groups, the small geographic range criteria (group B)
contributes the greatest percent representation of the reptile taxon with 16%. Mammals also did not contribute the largest
percentage of a taxa to any of the groups but combined potential rarity groups contributed 42% of the species in the
taxon (Fig. 2).
3.2. Ecoregional distribution of potentially rare species
Amphibian rarity richness was greatest in the Southeastern USA Plains, Mississippi Alluvial, and Ozark/OuachitaAppalachian Forests ecoregions with theoretical risk species the most represented in all three of these ecoregions (Table 4;
Fig. 3). The Western Cordillera, South Central Semi-Arid Prairies, and Mediterranean California ecoregions also had total po
tentially rare amphibian richness above the national average (Table 4).
Birds were the taxon that contributed the greatest number of potentially rare species to every ecoregion in the CONUS.
Ecoregions with high potentially rare bird richness are well distributed across the country with the five highest totals in the
Southeastern USA Plains, South Central Semi-Arid Prairies, Warm Deserts, Western Cordillera, and Mississippi Alluvial. Across
all ecoregions, potentially rare-documented decreasing species comprised a greater percentage of the bird taxon than poten
tially rare-theoretical risk species (Table 4; Fig. 3).
The ecoregions with the highest potentially rare mammal richness were in the inland west including the Warm Deserts, Cold
Deserts, and Western Cordillera. Those ecoregions had particularly high numbers of potentially rare-theoretical risk species. The
ecoregions with the highest reptile potential rarity richness are the Southeastern USA Plains, Mississippi Alluvial, Warm Desert,
and South Central Semi-Arid Prairies. In these ecoregions the number of potentially rare-theoretical risk and potentially raredocumented risk species were more evenly split than in other taxa. The ecoregions with the highest reptile potential rarity are
distributed across both the southeastern and southwestern portion of the country (Table 4; Fig. 3).
The ecoregion level data on rare species numbers were compared to the rare species data averaged across CONUS to look for
ecoregions containing more than the average number of rare species types for a taxon (Table 4). Ecoregions that contain
potentially rare species numbers above the national average are distributed across the entire country (Table 4). Only six of the
20 ecoregions in the country do not have a number of potentially rare species above the national average in at least one taxon
(Table 4).
3.3. Protection
Assessing the protection status of the potentially rare species at the level II ecoregion scale illustrates how protection
patterns vary across the country and how most species are not protected at the level of Aichi target 11 (Fig. 4). The Everglades is
the only ecoregion in which more than half of the potentially rare species are protected. Considering all taxa together, 69% of the
potentially rare species in the Everglades have over 17% of their distribution protected (Fig. 4a). The ecoregion with the lowest
protection rates for potentially rare species is the South Central Semi-Arid Prairies with 1.2% of potentially rare species having
protection rates above 17%. Five other ecoregions have 5% or fewer of their potentially rare species protected; these all occur in
the central or eastern United States (Fig. 4a).
GAP Status 3 lands most likely contribute to species protection but are not recognized as such by IUCN standards
(Convention on Biological Diversity (CBD), 2010; ProtectedPlanet, 2018). Changing the management intent of GAP Status 3 lands
to focus more on biodiversity protection could have substantial effects on species protection. Making this change across all GAP
Status 3 lands is probably neither possible nor desirable but looking at how these changes might improve species protection
rates could provide insights in decision making. Changing management on all GAP Status 3 lands would reduce the number of
level II ecoregions with less than 10% of species meeting the 17% protection rate from seven to two. These changes would also
result in more than 50% of the species in each ecoregion in the western United States having over 17% of their distribution
protected (Fig. 4b).
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Fig. 1. Taxa maps of each potential rarity criteria, and overall terrestrial vertebrate species (spp) richness, CONUS. Blue shows areas of less richness and red
areas of high richness. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. National distribution of taxa and potential rarity groups Taxa colors amphibians-blue, birds-orange, mammals-red, reptiles-green. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

The taxa with the greatest percentage of under-protected, potentially rare species varies by ecoregion. Amphibians, birds,
and reptiles have the greatest percentage of under-protected, potentially rare species in six ecoregions, and mammals had the
lowest percent protection of these species in five ecoregions. (Fig. 5; Table 5). Amphibians had the highest percentage of their
taxa protected in the Western Cordillera. Birds, mammals, and reptiles all had the highest percent of their taxa protected in the
Everglades (Fig. 5; Table 6).
To identify ecoregions with high potentially rare species richness and low protection rates we calculated species numbers by
taxa, potential rarity risk category, percent protection, and ecoregion. Ecoregions with high potential species rarity richness and
low species protection rates were well distributed across the country and varied by taxa (Table 5). However, a couple ecoregions
stood out. The Southeastern USA Plains and the South Central Semi-Arid Prairies were highlighted for all taxa and risk groups
(Table 5).

3.4. Comparison of rare species lists
In our comparison of lists of species from the Federal Endangered or Threatened species lists (U.S. Fish and Wildlife Service,
2019), the State of the Birds watch lists (North American Bird Conservation Initiative, 2016), and the State Wildlife Action Plan
lists (U.S. Geological Survey (USGS), 2018b), we found that the species on these concern species lists had a higher percentage of
each taxa in the rarity groups than the complete group of GAP modeled species. This indicates that the dimensions of rarity we
have used to attempt to identify rare species are successfully selecting rare and at-risk species identified through other pro
cesses (Fig. 6).
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Table 4
Number of species by ecoregion and taxa in potentially rare species classes.

1

Number of potential rarity-documented decreasing species. 2Number of potential rarity-theoretical decreasing species. 3Number of potential rarity-total
species, greyed squares are ecoregions with numbers above the national average for that rarity class and taxa, CONUS.

3.5. Comparison of ecoregional and national protection
We compared each potentially rare species percent protection across its CONUS-wide distribution to its percent protection
within each level II ecoregion where the species occurred (Fig. 7). This allowed us to identify ecoregions that are contributing
less to the protection of potential habitat for a species than the national rate and highlighted interesting patterns in protection.
In the Mixed Wood Shield and Everglades, very few potential rare species habitat distributions were protected less than the
species distribution was protected nationally. This indicates that these ecoregions protect most species at the level lI ecor
egional scale as well or better than they are protected at the national scale. In contrast the Mixed Wood Plains, Central USA
Plains, Southeastern USA plains, South Central Semi-Arid Prairies, West Central Semi-Arid Prairies, and the Tamaulipas-Texas
Semiarid Plain have a high percentage of their species protected ecoregionally at less than the national protection rate (Fig. 7).
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Fig. 3. Ecoregional distribution of potentially rare species. Numbers of potentially rare-documented decreasing and potentially rare theoretical decreasing
species by taxa and ecoregion.

4. Discussion
When considering the results of our analysis it is important to keep the data sources and some of their limitations in mind
when determining the best applications for the data and analysis results. The deductive modeling approach used to develop the
species-habitat distribution models has been criticized in some reviews of GAP products, usually because the identification of
11
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Fig. 4. Percentage of potentially rare species protected (A.) or potentially protected (B.) by ecoregion (numbers indicate level II ecoregion code).

an error and concern over the inability to statistically quantify the overall level of errors. It has been suggested that an inductive
modeling approach might be preferable because it allows for a more statistically based evaluation of accuracy. However, the
current availability of species occurrence points required to generate an inductive model is insufficient for many of the country’s
terrestrial species. Given the objectives of using a consistent methodology to model nearly 2000 species at a national scale, an
inductive modeling approach is not feasible and may not be desirable. Published regional GAP efforts in the Pacific Northwest
and Alaska compared inductive and deductive model approaches using known occurrence records to assess model accuracy
(Aycrigg et al. 2015). In both cases deductive models were typically found to be the best final model.
The validity of deductive models is reliant on expert review and the development of modeling parameters based on careful
review of the species-habitat relationships described in the literature. For many species the literature on these relationships
12
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Fig. 5. Protection of potentially rare species across level II ecoregions, numbers of potentially rare species by taxa that have 17% or greater of their habitat
distribution protected within each level II ecoregion and numbers of potentially rare species by taxa that have less than 17% of their habitat distribution
protected within each level II ecoregion.
13

A. Davidson, L. Dunn, K. Gergely et al.

Global Ecology and Conservation 28 (2021) e01598

Table 5
Protection of potentially rare terrestrial vertebrate species by taxa, ecoregion, and risk group.

1

Number of species with 17% or greater of their habitat distribution in ecoregion protected. 2Number of species with less than 17% of their habitat in ecoregion
protected. 3Percentage of species in risk class with less than 17% of their habitat in ecoregion protected. 4Total percentage of potentially rare species in taxa with
less than 17% of their habitat in ecoregion protected. Bold shaded numbers indicate taxa with the lowest total percentage protected within ecoregion.
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may be limited, which will affect the model’s accuracy (Karl et al. 1999). Expert review also played an important role in the
development of modeling parameters, refinement, and vetting of the GAP species-habitat distribution models. All models are
reviewed first by the scientist that developed the model and then by a second biologist before being finalized. The initial state
projects also included an assessment comparing predictions to confirmed species lists. Individual species-habitat distribution
models have been assessed at both the state and regional extents (Peterson, 2001; Rondinini et al. 2006; Aycrigg et al. 2013).
McClure et al. (2012) tested the Alabama GAP model’s ability to predict the occupancy of habitat by birds grouped by life-history
parameters. The models performed well at the scale of entire landscapes but poorly at the scale of individual point counts.
Despite the limitations of the GAP species-habitat distribution models, they are valuable for “coarse filter” conservation
assessments (Scott et al. 1993; Noss et al. 1995; Jennings, 2000; Dietz et al. 2020). This is a distinction between models useful for
Table 6
Percent protection by level II ecoregion of grassland dependent birds identified by Berlanga et al. (2010) as experiencing steep declines, Xs indicate no habits in
ecoregion, numbers indicate percentage of species habitat protected, and bold indicates protection of habitat in ecoregion is greater than 17%.
Common name

Group

Level 2 ecoregion (percent protected)

Bobolink
Eastern Meadowlark
Grasshopper Sparrow
Horned Lark
Lark Bunting
Short-eared Owl
Snow Bunting

D
A
D
D
D
D
D

5.2
2.6
3.8
2.4
3.4
X
12.5
14.1

5.3
0.9
2.6
0.9
1.6
X
4.1
3.8

6.2
7.2
6.4
4.7
15.8
15.9
12
19.4

7.1
X
X
18.2
4.4
X
3.2
2.3

8.1
0.8
1.1
0.8
1
X
1.4
1.2

8.2
0.5
0.7
1.1
0.6
X
0.7
0.8

8.3
0.7
1
0.7
0.9
0.2
1.1
1.3

8.4
0.4
0.9
0.5
0.9
X
1.1
0.9

8.5
0.9
3.7
5.1
3.4
X
6.1
10.4

9.2
1.5
0.9
2.3
1.2
1.4
1.7
2.9

9.3
0.8
1.9
1.1
1.6
1.2
1.6
1.3

9.4
0.8
0.6
0.9
0.6
0.6
0.7
1.4

9.5
X
2
3.8
3
2.2
5.4
X

9.6
X
0.5
0.3
0.4
0.3
0.3
X

10.1
3.4
18.6
4.2
7.7
4.1
8.5
8.7

10.2
23.8
4.1
4.1
21.1
9.1
12.4
X

11.1
X
X
4.3
4.4
X
4.9
X

12.1
X
12.4
12.4
9.9
10.4
9.3
X

13.1
X
3.2
0
7.4
11.6
7.9
X

15.4
X
1.1
2
X
X
19.8
X

Fig. 6. Comparison of percentage of taxa composed of common and rare species groups among all species with a GAP model and species on lists of known rare
or endangered species All GAP species with models-blue, State Wildlife Action Plan Species-orange, State of the Birds (watch species)-yellow, and Endangered
Species Act (threatened and endangered species)-gray. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 7. Comparison of the protection levels for the potentially rare species at national and ecoregional scale. The four graphs display the percentage of species in
each taxa that fall into three classes of ecoregion-national protection. Class 1 (gray)- species distribution in Ecoregion protected at same percentage or greater as
protection of species distribution nationally, Class 2 (orange)-species distribution in ecoregion protected 0–10% less than species distribution protection na
tionally, Class 3 (red)-species distribution in ecoregion protected > 10% less than species distribution protection nationally. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

conservation planning and with the development of a statistically robust model to predict presence/absence and abundance for
a given study area. Regional managers may use more locally specific methods and data when available to focus and refine the
results provided through GAP species-habitat distribution models.
The availability of nationwide, species specific, predicted habitat information enabled us to develop lists of native terrestrial
vertebrates at the level II ecoregion. This list was parsed to determine which species are not common, not documented to be in a
population decrease, and not well protected at the national or ecoregional level. Identifying areas of high potential rarity
richness and low protection rates illustrates how the data could be used to help answer one question that may be of interest to
managers (i.e. where do potentially rare species most lack protection by ecoregion?). The GAP Analytical Database provides
useful information potentially relevant to wildlife, land, and other natural resource managers and a foundation for future
research. This analysis provides an example of potential data use and does not represent the only appropriate use of this
information. Particular areas of the country could be highlighted and used in conjunction with other data to help answer
questions of regional conservation importance such as those related to habitat connectivity and management effectiveness.
To illustrate the potential for using these data to help answer more regional questions, we looked at the rarity classifications
and protection status of grassland bird species in steep decline. Berlanga et al. (2010) identified a group of birds whose po
pulations have declined by an estimated 50% or more during the past 40 years. This list included seven grassland dependent
birds, bobolink (Dolichonyx oryzivorus), Eastern meadowlark (Sturnella magna), grasshopper sparrow (Ammodramus sa
vannarum), horned lark (Eremophila alpestris), lark bunting (Calamospiza melanocorys), short-eared owl (Asio flammeus) and
snow bunting (Plectrophenax nivalis).
All the species except the Eastern meadowlark, were classified to Group D based on their documented population declines,
while the Eastern meadowlark was classified to Group A. We found all these grassland dependent birds to be poorly protected
throughout most of their distribution. Counting the level II ecoregions that contain habitat for each bird and summing for all the
birds results in 113 species-ecoregion combinations. Of the 113, only six are identified as protecting the bird’s species
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distribution at greater than 17% of available, with most protecting distribution at less than 10% of available (Table 6; Appendix
S1). Our species-habitat results are consistent with those of Aycrigg et al. (2013), who found poor rates of protection for many
ecological systems across the country. Aycrigg et al. (2013) highlighted the lack of representation of grassland ecosystems in the
conservation network.
5. Conclusion
A substantial number of species across all four taxa were identified as not common and as having specialized habitat needs
that make them potentially rare. Only the Everglades ecoregion protects potential habitat for over 50% of their potentially rare
species at or above the Aichi Target (17%). Six ecoregions concentrated in the central and eastern United States protect less than
5% of their potentially rare species.

•
•
•
•
•
•

Amphibians represent the highest percentage of potentially rare species nationally, are geographically diverse, and tend to
have narrow habitat breaths.
While bird species tend to have large geographic ranges, over half of bird species are still potentially rare, many due to
decreasing populations.
Mammals are the only taxon that does not have over half of its species in a potentially rare group.
The taxon with the greatest percentage of under-protected, potentially rare species varies by ecoregion.
High numbers of potentially rare bird species occurred in ecoregions across the country with the highest numbers occurring
in the Southeastern USA Plains, South Central Semi-Arid Prairies, Warm Deserts, Western Cordillera, and Mississippi Alluvial
ecoregions.
Changing management on all GAP Status 3 lands would reduce the number of level II ecoregions with less than 10% of
species meeting the 17% protection rate from seven to two.

These results paint a bioregional picture of species conservation that is relevant for a snapshot in time. The strength of these
data is that they can be used consistently from a national to a landscape scale. The distributions of vertebrates are mapped with
logical and intuitive consistently mapped features, such as ecological systems (vegetation groups). Therefore, the inclusion of
other known risks to habitat types, e.g. invasive species, fire, land conversion, can be related back to the species that use those
habitat features.
The U.S. Endangered Species Act requires protection of species overall and within distinct population segments, but falls well
short of suggesting that ecosystems, at whatever scale they are defined, should be maintained with their full complement of
species. However, “ecosystem” and “landscape-scale” management are often the goal of managers even though the latitude they
have for regulation is usually limited by the scope of their jobs, the geography within which they have authority, available
resources, and other factors. With this analysis we are seeking to inform this desire to keep ecosystems whole across multiple
geographies. The use of these data is intended to help inform decisions in the face of daunting biological challenges. For any
given system, managers can now develop a unique list of vertebrate species, the extent of their habitat, its protection, and
combine that with a standardized approach to filtering out the most vulnerable. It’s a step forward in the coarse filter approach
as we get a closer look at which species might be challenged and where.
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